Abstract
Issues with the dissolution and diffusion of polysulfides in liquid organic electrolytes hinder the advance of lithium-sulfur batteries for next-generation energy storage. To trap and reutilize the polysulfides without hampering lithium-ion conductivity, a bio-inspired brush-like interlayer consisting of zinc oxide (ZnO) nanowires and inter-connected conductive frameworks is proposed. The chemical effect of ZnO on capturing polysulfides has been conceptually confirmed, initially by using a commercially-available macroporous nickel foam as a conductive backbone, which was then further replaced by a free-standing ultra-light micro/mesoporous carbon nanofiber mat for practical application. Having a high S loading of 3 mg cm -2 , the S/MWCNT composite cathode with a ZnO/C interlayer exhibited a reversible capacity of 776 mAh g -1 after 200 cycles at 1C with only a 0.05 % average capacity loss per cycle. A good cycle performance at a high rate can be mainly attributed to the strong chemical bonding between ZnO and polysulfides, fast electron transfer and an optimized ion diffusion path arising from a well-organized nano-architecture. These results herald a new approach to advanced lithium-sulfur batteries using brush-like chemi-functional interlayers.
Introduction
Sulfur (S) is an attractive cathode material for the next-generation high-energy rechargeable lithium (Li) batteries. [1] [2] [3] [4] Owing to its low atomic number and two-electron transfer capability with Li, S offers a theoretical specific capacity of 1672 mAh g -1 .
With an operational voltage of 2.1 V, the overall available energy density of Li-S batteries is five times that of state-ofthe-art LIBs. In addition, the non-toxic nature and abundance of S are also attractive in terms of large-scale production and, more importantly, sustainable development which is a crucial factor in mass deployment of electrical vehicles.
Despite their obvious advantages, the reality of producing practical Li-S batteries is dogged by challenges. Three critical problems arise from sulfur's inherent chemistry. First, orthorhombic S8, the most stable form of elemental S in nature, has poor electrochemical accessibility with a low conductivity of 5×10 -28 S m -1 at room temperature, which results in low active material utilization. Second, several kinds of intermediate polysulfides with various molecular lengths are produced by the multi-step electrochemical reactions involved in the normal operation of a battery. [5] [6] [7] Among them, long-chain polysulfides (Li2Sx, 4≤x<8) easily dissolve in organic solvents and diffuse to the anode, where they react with Li to form short-chain polysulfides (Li2Sx, 1<x<4). Some of these, such as Li2S2, precipitate and then deposit on the surface of the lithium anode, causing irreversible loss of active materials;
others diffuse back and are re-oxidized at the cathode, leading to the notorious "redox shuttle"
and hinder Coulombic efficiency. [8] Last but not least, the volume change of the S cathode during cycling, caused by the density difference between S and the final discharge product Li2S, is also of concern, since it causes serious pulverization of the cathode and leads to capacity degradation. [9] [10] [11] Approaches for addressing these performance-related problems have been developed over decades, including the design of conductive S hosts, [4, [12] [13] [14] [15] [16] [17] functional electrolyte additives, [18] [19] [20] anode protection [21] [22] [23] and new cell configurations. [24] [25] [26] [27] [28] Recently, considerable effort has 4 been made to find a chemical route to effectively trap migrating polysulfides and ensure good cycle life. [29] One possible way is to encapsulate S in a modified carbon matrix, such as graphene oxide, [30] N-doped porous carbon, [31] [32] [33] B-doped/ S, N dual doped graphene, [34] [35] [36] whose asymmetry surface charge can enhance the chemical binding with polar polysulfides.
However, it is challenging to get a strong chemical interaction without sacrificing the conductivity of carbon backbone by introducing functional groups or heteroatoms doping.
Another promising approach is to use nano-structured metal oxides as polysulfides adsorbents.
Initially, porous nano-structured metal oxides, such as Al2O3, [37] SiO2, [38] were directly used as an additive in cathode, offering on-site adsorption of polysulfides, but these scattered absorption sites cannot ensure high active utilization due to the semi-conductive nature of metal oxides. Very recently, it has been found that metal oxides with suitable redox potential have strong chemical interaction with polysulfides through their polar surface/surface redox reaction. [39, 40] For example, MnO2 nano sheet has been used as a coating layer to structurally and chemically encapsulate polysulfides. [41, 42] Based on the analysis on previous researches, we propose that building a well-organized metal oxide nano-architecture on an inter- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53 
Results and Discussion
To give a proof of concept for polysulfides adsorptive brush, zinc oxide nanowires were initially grown on a commercially-available nickel foam and this combination was sandwiched with a S/MWCNT composite cathode. Considering its limited physical adsorption properties and robustness for postmortem analysis after cycling, Ni foam is an ideal substrate to investigate the chemical effect of ZnO on soluble polysulfides. Figure 1a shows the schematic configuration of the Li-S cell with the prototypical ZnO nanowires/Ni foam interlayer. A S/MWCNT composite was prepared according to the previously reported thermal infusion method. [12] S was uniformly coated on the surface of CNTs to form a coreshell structure. (Figure S1 ). The characteristic peaks of orthorhombic S8 in the X-ray diffraction (XRD) spectrum of the S/MWCNT composite confirms the crystalline nature of S deposited on the MWCNT host ( Figure S2 ). Raman measurements shown in Figure S3 also indicate that there was no chemical bonding between S and MWCNT, proving that S was physically attached to the MWCNT. For practical applications, the content of S in the composite was tailored to be 70% wt (Figure S4 ), while the area density was about 3 mg cm -2 .
In addition, the thickness of the S/MWCNT composite cathode was about 100μm ( Figure S5 ). The ZnO nanowires/Ni foam interlayer was sandwiched with the S/MWCNT composite cathode and placed in front facing the separator. The growth of ZnO nanowires on the Ni foam was achieved through chemical bath deposition. [43] XRD was undertaken to investigate the crystal phase of the hybrid ZnO nanowires/Ni foam interlayer. As shown in Figure S6 , except for the distinct peaks assigned to Ni, the residual peaks were unambiguously indexed as the hexagonal wurtzite phase of ZnO. To directly demonstrate the polysulfides capture capability of ZnO nanowires, the hybrid interlayer was recovered from the fully charged coin cell after 500 deep cycles at 2C and its morphology was characterized by TEM after repeated washing with 1,2-dimethoxyethane (DME). Figure 2a shows the ultra-long cycle performance of S/MWCNT cathodes with ZnO nanowires/Ni foam interlayer at 2C. A reversible capacity of 577.1 mAh g -1 with a capacity retention of 81% was achieved after 500 cycles, although a small capacity degradation and low Coulombic efficiency were observed in the initial 10 cycles at high rates, which could be due to the sluggish conversion from inactive solid Li2S to S. images of ZnO nanowires detached from the cycled hybrid interlayer by ultra-sonication. It can be seen that a new fairly rough layer was coated on each nanowire to form a core-shell structure and the average thickness of the coating shell was approximately 30 nm; EDS mapping further confirms this shell as S-containing species anchored on the surface of ZnO nanowires, which provides direct evidence for the role of ZnO in trapping polysulfides.
The chemical composition of S species was investigated by X-ray photoelectron spectroscopy (XPS). Figure 2e show the S 2p XPS spectra of the cycled hybrid interlayer. It can be seen that four S-containing species were identified, including Li2S2 (162.6 eV, 162.1 eV), S8 (164.1 eV, 163.2 eV), thiosulfate (167.2 eV) and polythionate complex (169.7 eV, 168.7 eV). The deposition of discharge product Li2S2 cannot be avoided due to its insulating nature and poor electrochemical reversibility. Because of the lower redox potential of ZnO than that of polysulfides, [39, 44] the generated thiosulfate/polythionate complex could mainly come from the oxidation of polysulfides by LiNO3, which is a common additive in the electrolyte to mitigate the polysulfides shuttle effect. [45] Except S8, other S-containing species can not be electrochemically reutilized, but thiosulfate and polythionate can act as a polysulfide mediator to chemically curtail active loss during charge and discharge process. [40] Figure 2f compares the Zn 2p3/2 XPS spectra of ZnO/C interlayer before and after cycle. It can be seen that a slight binding energy shift of Zn 2p3/2 from 1021 eV to 1020.5 eV after cycling was observed, reflecting the chemical interaction between ZnO and S species. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 To give further insight into the chemical confining effect of ZnO on polysulfides, the binding energy (Eb) of five most relevant S species (Li2Sn) on the polar O-terminated surface of ZnO was calculated using density functional theory (DFT) because the strong binding of metal oxide and lithium polysulfides mainly originates from Li-O interaction according to the previous reports [41, 46] . The Eb is defined as E(ZnO)+E(Li2Sn)-E(ZnO/Li2Sn), where E(ZnO), E(Li2Sn) and E(ZnO/Li2Sn) are total energy of isolated ZnO, Li2Sn, and ZnO bound to a Li2Sn, respectively. As shown in Figure 2g , the Eb value for Li2S8 remarkably reaches 3.98 eV, which is one the highest reported for similar systems. [47] With a decrease in molecular length of polysulfides, the corresponding Eb reduces to a lowest value of 1.26 eV for Li2S4 due to the limited interaction area. After that, Eb gradually increases to 2.70 eV for Li2S, which could be explained by the enhanced interaction between the O-terminated surface and short-chain polysulfides due to similar polarity.
Once the concept of polysulfide adsorptive brush is proven, the next task is to replace the high density Ni foam with a light, porous material, fabricated such that it has a suitable microstructure to maximize the area of "brush border". Considering their tightly interwoven architecture and tunable thickness, free-standing carbon nanofiber mats have been chosen as a desirable substrates for ZnO growth (Figure 3a) . PAN nanofiber precursor was first prepared by electrospinning, followed by stabilizing in air and carbonizing and activating in low oxygen-containing N2. Thereafter, zinc oxide nanowires were grown on the as-prepared carbon nanofiber using the chemical bath method described earlier. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 architecture was achieved (Figure 3f) , which caused a decrease in the BET specific area from 600 m 2 g -1 to 192 m 2 g -1 ( Figure S7) . From a closer observation, the decorated ZnO nanowire has a diameter of ~50 nm and a length of ~500 nm (Figure 3g ). In addition, its wurtzite crystal structure was evidenced by XRD ( Figure S8 ) and the content of ZnO in the hybrid interlayer was 55% wt based on the results of TGA, corresponding to an areal loading of 0.7mg cm -2 ( Figure S9 ).
The effects of the hybrid ZnO/C interlayer on the electrochemical performance of Li-S cell were investigated using S/MWCNT composite as cathode and Li as anode. To ensure the same sulfur content considering the combined mass of cathode and interlayer, a S/MWCNT composite cathode with a ~110 μm-thick carbon nanofiber interlayer was tested for reference. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 high and steep plateau around potential of 2.3V, cyclo-S8 is converted to long-chain polysulfides Li2Sn (4<n<8). As discharge proceeds onward, short-chain polysulfides Li2Sn
(2<n<4) and even solid Li2S2/Li2S are formed at long and planar plateau around potential of 2.1V. Notably, S/MWCNT cathode with ZnO/C interlayer exhibited less potential hysteresis with cycling compared with the control sample. In addtion, the position and intensity of redox peaks in the cyclic voltammetry (CV) curves of S/MWCNT cathode with ZnO/C interlayer also showed minimal changes during the first three cycles, suggesting that ZnO enhanced the reversibility of S redox reaction ( Figure S11 ).
The long cycle performance of S/MWCNT cathodes with two different interlayers at a high current rate of 1C is plotted in Figure 4d . Compared with the performance at 0.2C, reduced S utilization and capacity stability were observed for both samples during the initial 50 cycles at 1C. Generally, the utilization of sulfur mainly depends on two factors: (1) intimate contact with conductive framework; (2) effective confinement of soluble intermediate polysulfide.
When it comes to a high current rate, kinetics of S redox and ion diffusion are also of great concern. S/MWCNT cathode with ZnO/C interlayer delivered an initial capacity of 867.6 mAh g -1 , which gradually reduced to 787.6 mAh g -1 after 50 cycles with a capacity retention of 90.7%. After 200 cycles, a reversible capacity of 776 mAh g -1 was achieved, corresponding to only 0.05% average capacity loss per cycle. In contrast, the initial capacity of S/MWCNT cathode with C interlayer at 1C was much lower (512.7mAh g -1 ), about 60% of that of S/MWCNT cathode with ZnO/C interlayer, followed by a rapid decay to 287.5 mAh g -1 at 50
cycles. The corresponding capacity retention was 56%. With the slow infiltration of electrolyte in the thick C interlayer, the capacity gradually increased after 50 cycles and maintained at 333.5 mAh g -1 after 200 cycles with 0.17% average capacity loss per cycle. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 change in plateau potential with cycling. To our best knowledge, this is the first report using a brush-like interlayer to achieve a high S utilization and excellent capacity retention at both low and high current rates for a cathode with a S loading of 3 mg cm -2 (Table S1 ). In addition, a good capacity and cycle stability were observed when the S loading was further increased to 5.2 mg cm -2 ( Figure S12 ).
The unique brush-like structure of ZnO/C interlayer mainly contributed to the superior electrochemical performance. As shown in Figure 5a , the self-organized zinc oxide nanowires forms a "brush border" on carbon nanofiber, which increases the contact area for electrolytes. And individual zinc oxide nanowire acts as "microvilli" to chemically adsorb the dissolved polysulfides in electrolytes. The whole capture process of migrating polysulfides mimics the adsorption of nutrients in intestinal cells. Meanwhile, the carbon nanofiber mat provides interconnected conductive network for reutilizing polysulfides and its thin thickness ensures trapping polysulfides without hampering lithium ion conductivity. To better understand the function of this brush-like ZnO/C interlayer, elemental distribution mapping on both sides of cycled ZnO/C interlayer after 200 cycles at 1C was conducted using EDS. As shown in Figure 5b and 5c, it can be seen that intense S signal were detected on the side facing cathode, directly evidencing that ZnO/C interlayer had the capability of anchoring and reutilizing migrating polysulfides. On the other hand, the S signal was weak on the side facing the separator. The semi-quantitative calculation of the amount of S anchored on the different sides of brush-like interlayer was carried out based on the corresponding EDS spectra shown in Figure S13 . It was found the atomic rato of S to Zn on the cathode side was about 5 times higher than that on the anode side,implying that most dissolved polysulfides were adsorbed by this thin interlayer.
Conclusions
In conclusion, we have demonstrated a good cycle and rate performance of Li-S batteries using a zinc oxide nanowire based brush-like interlayer. ZnO nanowires play the key role in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 adsorbing migrating polysulfides due to a strong chemical bonding and their well-organized brush-like nano-architecture built on thin and interconnected conductive framework, which mimics the microstructure of intestinal cells, further enhances the effectiveness of polysulfides adsorption and reutilization process by affording fast electron and ion motion.
Thanks to the bio-inspired ZnO/C interlayer, the S/MWCNT composite cathode with a high S loading of 3 mg cm -2 maintained a reversible capacity of 776 mAh g -1 after 200 cycles at 1C, corresponding a 0.05 % average capacity loss per cycle. Building chemi-functional interlayers with brush-like nano-architecture will leads to a new approach for advancing highperformance Li-S batteries in the near future. And the integration of nanostructured metal oxides with conductive frameworks is also a versatile strategy to fabricate hierarchically multi-functional materials for a wide range of applications.
Experimental section

Chemical bath deposition of ZnO nanowire arrays on nickel foam:
Commercially-purchased nickel foams were pressed and cut into circular disks with an average diameter of 11 mm and thickness of 0. 
Thermal infusion of S on the surface of MWCNT:
The core-shell structured S/MWCNT composites were prepared using thermal infusion method. Briefly, 0.7g S was first mixed well 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Material Characterization: Raman spectroscopy data was obtained on a Dilor XY-800 spectrometer using a 514 nm wavelength laser. X-ray diffraction analysis of samples was carried out with a Bruker D8 advance powder X-ray diffractometer with a Cu Kα radiation source; The morphology of samples was characterised by scanning electron microscopy (SEM, FEI Nova NanoSEM, 5 kV) equipped with an energy dispersive X-ray spectrometer (EDS) and transmission electron microscopy (FEI Tecnai Osiris and JEOL 2100F, 200 kV); XPS measurements were performed at room temperature with a Kratos Analytical spectrometer and monochromatic Al Kα (1486.6 eV) X-ray source. Thermal gravimetric analysis (TGA) was conducted on a TA Instruments Q2000 thermal analyzer in air with a heating rate of 10 °C min −1 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Electrochemical tests: The S cathode slurry was prepared by mixing the as-prepared S/MWCNT composite, carbon black and polyvinylidene fluoride (PVDF) binder at a ratio of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 65
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 
